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(57) ABSTRACT 

A marine seismic ?ber optic acoustic sensor system having 
internal mirrors With a loW re?ectivity Written into the ?ber 
to form a series of continuous, linear sensors incorporated in 
a single ?ber, each sensor bounded by a pair of internal 
mirrors. A pulsed laser provides optical signals to the ?ber 
at a pulse Width less than tWice the travel time to assure that 
there Will be no phase or frequency modulation of signals 
returned from the sensors and re?ected optical energy is 
returned through the same ?ber to an optical coupler Where 
it is input to a compensating interferometer to produce 
interference signals Which are then time division multi 
pleXed to produce signals corresponding to acoustic signals 
received by each mirror bound sensor. Calibration to remove 
local temperature effects is provided by using a desensitized 
reference ?ber With internal mirrors identical to the sensi 
tiZed ?ber, by a piezoelectric stretcher built into the ?ber or 
any other conventional calibration technique. 

30 Claims, 9 Drawing Sheets 
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SEISMIC OPTICAL ACOUSTIC RECURSIVE 
SENSOR SYSTEM 

BACKGROUND OF THE INVENTION 

This invention relates to ?ber optic sensors and, more 
particularly, to marine seismic streamers using optical ?bers 
for sensing changes in acoustic ?elds. 

Marine seismic sensing devices are knoWn that utiliZe 
discrete optical hydrophones Which are assembled into 
marine seismic streamers. The discrete hydrophones use a 
pulsed laser to provide light to hydrophones made of optical 
?ber Wound around mandrels. Pressure changes about a 
hydrophone cause deformations, Which in turn cause phase 
and frequency modulation of light traveling through the 
?bers Within each discrete hydrophone. Those changes are 
recorded as interference patterns produced at each discrete 
sensor. The individual interference patterns are coupled to a 
return cable to return to the shipboard for processing. 
Discrete optical hydrophones require a signi?cant amount of 
fabrication, because each hydrophone must be spliced to 
optical coupler and return ?bers, and the Whole assembly 
encased and inserted into a hydrophone streamer skeleton. 
Marine seismic streamers of such individual sensors are 
bulky and expensive to fabricate. 

Alternate types of optical hydrophone streamer systems 
are also knoWn that utiliZe a streamer With discrete optical 
hydrophone sensors that operate by phase and intensity 
modulation of laser light input. Each sensor includes a 
mandrel-Wound section of ?ber coupled to tWo tails of 
optical ?ber, each tail ending in an internal mirror. In this 
approach, light is re?ected back and forth betWeen the tails 
to produce phase and intensity modulation of the optical 
signal in response to sensed local acoustic pressure change. 
These tWo-tail systems have not been considered practical or 
economical for use in marine seismic streamers. 

Such conventional optical sensing systems are limited in 
their application by cross talk effects. For example, if the 
Width of the pulse is less than the round-trip optical propa 
gation delay in each sensor element, the output obtained 
through the optical coupler consists of a series of N+1 pulses 
that are separated in the time domain. Apart from cross-talk 
effects, these pulses contain no direct interferometric infor 
mation. Application of this pulse train to a compensating 
interferometer of optical imbalance 2L coherently mixes 
pulses obtained from consecutive re?ectors, thus generating 
the interferometric outputs from each sensor element. Cross 
talk occurs betWeen optical sensors due to multiple re?ec 
tion paths. The cross talk manifests itself as side-bands in a 
heterodyne modulation and demodulation. In seismic 
acquisition, cross-talk of acoustic signals betWeen sensors is 
highly deleterious to processing data. It is generally 
accepted that these crossfeed products must be kept beloW 
—90 dB in order to provide quality seismic data. To achieve 
this level of crossfeed the re?ectivity of the mirrors Would 
have to be so loW that there Would be inadequate returned 
optical poWer to process. 

The present invention is directed to providing seismic 
optical sensor systems that overcome the limitations of 
existing systems. 

SUMMARY OF THE INVENTION 

According to one aspect of the present invention, an 
optical sensor system for seismic exploration is provided 
that includes a single mode optical ?ber, an optical coupler, 
a pulsed laser, and a compensating interferometer. The 
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2 
optical ?ber is mounted Within a linear casing and includes 
an input end and an opposite terminal end. The optical ?ber 
further includes a plurality of partially re?ective internal 
mirrors incorporated into the optical ?ber at predetermined 
spaced intervals Within the optical ?ber With each pair 
adjacent mirrors de?ning a long gauge, linear, acoustic 
sensor. The optical coupler is coupled to the input end of the 
optical ?ber and includes a ?rst and a second output port. 
The pulsed laser is optically coupled to the ?rst output port 
of the optical coupler and is adapted to provide an optical 
pulse Width equal to or less than tWice the one Way time of 
travel of optical energy betWeen the predetermined mirror 
intervals of the optical ?ber. The compensating interferom 
eter is optically coupled to the second output port of the 
optical coupler for receiving optical energy re?ected from 
the internal mirror and includes a ?rst path and a second 
path. The second path of the compensating interferometer 
includes a time delay equal to the tWo Way time of travel of 
optical energy betWeen the predetermined mirror intervals of 
the optical ?ber. 

According to another aspect of the present invention, a 
optical sensor system for seismic exploration is provided 
including a single mode optical ?ber, a separate optical 
coupler, a pulsed laser, and a compensating interferometer. 
The single mode ?ber is mounted Within a linear, pressure 
sensitive casing, to form a continuous linear acoustic sensor. 
The single mode ?ber includes an input end, an opposite 
terminal end, and at least tWo spaced apart, tWo-by-tWo, 
ratio optical couplers positioned betWeen the ?ber’s input 
end and the ?ber’s terminal end. Each ratio optical coupler 
includes an input ?ber having a non-re?ective terminal end 
and an output ?ber having a re?ective terminal end. The 
separate optical coupler is coupled to the input end of the 
single mode ?ber and includes a ?rst and a second output 
port. The pulsed laser is optically coupled to the ?rst output 
port of the separate optical coupler and is adapted to provide 
an optical pulse Width equal to or less than tWice the time of 
travel of optical energy betWeen the intervals betWeen 
re?ective terminal ends of the ratio optical couplers. The 
compensating interferometer is optically coupled to the 
second output port of the separate optical coupler for receiv 
ing optical energy re?ected from the re?ective terminal ends 
of the ratio optical couplers. The compensating interferom 
eter includes a ?rst path and a second path. The second path 
includes a time delay equal to the tWo Way time of travel of 
optical energy betWeen the re?ective terminal ends of the 
ratio optical couplers. 

According to another aspect of the present invention, a 
method of processing data obtained from a hydrophone 
streamer is provided for a hydrophone streamer that 
includes: a series of linear, continuous, long gauge, optical 
?ber hydrophones, Wherein each optical hydrophone is 
bounded by a pair of internal mirrors Within the optical ?ber, 
Wherein each hydrophone includes a terminal internal mirror 
for re?ecting a ?rst portion of a pulsed optical signal back 
through the hydrophone to the signal source and for re?ect 
ing a second portion of the re?ected optical signal back 
through the ?ber to an interferometer coupled to ?rst, second 
and third photo detectors and to a three-by-three optical 
coupler. The method includes subtracting signals from the 
?rst and second photo detectors from one another, adding 
signals from the second and third photo detectors, and 
transforming the rectangular coordinate data in the added 
and subtracted signals to polar coordinate data. 
According to another aspect of the present invention, a 

pulsed laser is provided that includes a laser having an 
output port, and an optical sWitch operably coupled to the 
output port of the laser. 
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According to another aspect of the present invention, an 
optical sWitch is provided that includes a ?rst single polar 
iZation ?ber, a polarization scrambler, and a second apolar 
iZation ?ber. The polariZation scrambler has an input port 
and an output port. The input port of the polariZation 
scrambler is operably coupled to the ?rst single polariZation 
?ber. The second single polariZation ?ber is operably 
coupled to the output port of the polariZation scrambler. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of an embodiment of a 
continuous linear optical sensor system using re?ectors 
Within a single ?ber to produce re?ected pulses, illustrating 
the use of all sensitiZed sensors With each sensor as a 

reference for the immediately preceding sensor. 
FIG. 1A is a schematic illustration of re?ected pulses 

interference in the sensor system of FIG. 1. 

FIG. 1B is a schematic diagram of a preferred embodi 
ment of a pulsed laser and an optical sWitch. 

FIG. 2 is a schematic diagram of an alternate embodiment 
using multiple ?bers and groups of mirror-bounded sensors 
of equal ?ber length. 

FIG. 2A is a schematic illustration of re?ected pulse 
interference in the sensor system of FIG. 2. 

FIG. 3 is a schematic illustration of another alternate 
embodiment using multiple ?bers and groups of mirror 
bounded sensors. 

FIG. 3A is a schematic illustration of re?ected pulse 
interference in the sensor system of FIG. 3. 

FIG. 4 is a schematic diagram of an alternate embodiment 
using ratio optical couplers in place of partially re?ective 
mirrors. 

FIG. 5 is a schematic diagram of an acoustically desen 
sitiZed reference ?ber to calibrate any of the embodiments of 
the invention. 

FIG. 5A is a schematic of the preferred acoustically 
desensitiZed reference ?ber using a WDM coupler. 

FIG. 6 is a schematic illustration of an alternate calibra 
tion system Which can be used With any of the embodiments 
of the invention. 

DETAILED DESCRIPTION OF THE 
ILLUSTRAT IVE EMBODIMENTS 

Referring to FIG. 1, a sensor system 10 includes a single 
mode optical ?ber 12, intrinsic ?ber mirrors 14, hydrophone 
sensors 16, a pulsed laser 20, polariZation controller 22, 
optical coupler 24, optical coupler 26, optical delay coil 28, 
optical coupler 30, photodiodes 32, photodetectors 34, and 
a processor 36. 

The intrinsic ?ber mirrors 14 (shoWn as M1, M2, M3. . . 
MN.) are preferably Written into the ?ber 12. The single 
mode ?ber 12 may comprise any number of commercially 
available single mode optical ?bers such as, for example, 
SMF28. These mirrors 14 can be created by any conven 
tional process for Writing mirrors into ?bers, such as vapor 
deposition or a photo process. The intrinsic ?ber mirrors 14 
are Written into the ?ber 12 at spaced intervals D, With each 
interval section of the mirror-bounded ?ber forming a 
hydrophone sensor 16. For example, FFPI Industries of 
Bryan, Tex., Gec-Marconi, 3M, and Northern Photonics sell 
?bers having suitable mirrors. In addition, US. Pat. No. 
4,923,273, assigned to Texas A&M University, discloses a 
process, suitable for the present embodiments, for Writing 
suitable mirrors into such ?bers. 
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4 
The intrinsic ?ber mirrors 14 are partially re?ective so 

that, at each of the mirrors 14, a portion of light is re?ected 
back through the ?ber 12, and a portion moves forWard on 
to the next mirror. The ?ber 12 is Wavelength dependent, and 
the mirrors are chosen to be re?ective at a Wavelength at 
Which the optical energy loss due to refraction is minimal, 
such as, for example, a Wavelength of 1550 nanometers 
(“nm”). The re?ectivity of each of the intrinsic ?ber mirrors 
14 is preferably loW, less than, for example, 0.5%, to 
minimiZe optical energy loss from multiple re?ections 
betWeen mirrors 14, as the optical energy pulse travels doWn 
the ?ber 12, serially through each mirror-bounded sensor, 
While at the same time maximiZing the return energy from 
each mirror-bounded sensor. 

To enhance acoustic sensitivity of the sensors, and pro 
vide robustness, the sensing ?ber 12 is preferably encased in 
a ?exible, resilient material, called Hytrel, made by DuPont. 
HoWever, the encasing material could also be Sanaprene, 
made by Monsanto, or be any other of the rubber synthetics 
that can be extruded onto a ?ber. The sensing ?ber 12 is 
further acoustically enhanced by extruding a layer of sili 
cone over the glass cladding, and then extruding a layer of 
Te?onTM over the silicone. The ?ber 12 is typically about 
400 meters long, but can be of any practical length, up to 
about 10 kilometers. 

The spacing betWeen mirrors is typically 12.5 meters, and 
the ?ber transmission speed is typically ?ve nanoseconds 
(“ns”) per meter. The time for the light pulse to travel the 
distance D betWeen adjacent mirrors is typically less than 
sixty-tWo and one-half ns, that time being the acoustic 
aperture for each of the sensors 16. 

A pulsed laser 20 generates optical pulses to provide the 
energy to the ?ber 12. The pulsed laser 20 may comprise a 
commercially available components such as a PLD Series 
500 laser driver manufactured by Wavelength Electronics, a 
pulse generator such as a Tektronics PG 501, and a laser 
diode such as the RockWell 13pm laser diode. 

Referring to FIG. 1b, in a preferred embodiment, the 
pulsed laser 20 comprises a NdzYag ring laser 1000 With a 
PM ?ber pigtail 1005, a random length of PM ?ber 1010, 3 
meters of a single polariZation ?ber 1015, a polariZation 
controller 1020, and another 3 meters of a single polariZation 
?ber 1025. The output of the laser 1000 is coupled to the 
input of the polariZation controller 1020 by the PM ?ber 
pigtail 1005 and the single polariZation ?ber 1010. The 
output of the polariZation controller 1020 is coupled to the 
output 1026 of the pulsed laser 20 by the single polariZation 
?ber 1025. The polariZation controller 1020 may comprise a 
manual or an automatic polariZation controller. In a particu 
larly preferred embodiment, the polariZation controller 1020 
comprises a polariZation scrambler. In a particularly pre 
ferred embodiment, the single polariZation ?bers 1005 and 
1015 are pigtailed in 3 meter lengths to the input and output 
ports of the LiNbO3 substrate of the polariZation scrambler 
1020, respectively. 
When a ramp voltage 1030 is applied to the V75 electrode 

of the polariZation scrambler 1020, the polariZation vector 
Will sWing through a predetermined degree range. The 
output light Will be completely extinguished until the polar 
iZation aligns With the input and output single polariZation 
?ber ports. This provides a pulsed light With high extinction 
ratios, loW loss, and the ability to operate over a broad range 
of Wavelengths. Furthermore, the combination of the single 
polariZation ?bers 1015 and 1025 and the polariZation 
scrambler 1020 provides a robust optical sWitch. In a par 
ticularly preferred embodiment, the bias voltage 1035 of the 



US 6,522,797 B1 
5 

LiNbO3 substrate of the polarization scrambler 1020 is 
controlled to maintain the maximum contrast betWeen the 
V75 and the V0 voltage levels. 

In a particularly preferred embodiment, the ring laser 
1000 comprises a model number M125-1319-200 ring laser 
manufactured by LightWave Electronics, the single polar 
ization ?bers 1015 and 1025 comprise 3 meter lengths of PZ 
series ?bers manufactured by the 3M Corporation, and the 
polarization scrambler 1020 comprises a series 900—100 
MHZ LoW Speed Polarization Scrambler manufactured by 
the Ramar Corporation. 

The pulsed laser 20 is preferably selected to provide a 
pulse length equal to or less than tWice the time for a light 
pulse to travel the distance D betWeen the intrinsic ?ber 
mirrors 14, and preferably is chosen to have a coherence 
length equal to about the typical fabrication error in the 
distance D. In a preferred embodiment, an electro-optic 
polarization controller 22 connected to the pulsed laser 20 
removes the effects of polarization. The electro-optic polar 
ization controller 22 couples to the ?ber 12 via an optical 
coupler 24. In a preferred embodiment, the polarization 
controller 22 comprises a Polarization Scrambler available 
from the Ramar Corporation as part number 900-100-15. 

The optical coupler 24 may comprise a tWo-by-tWo opti 
cal coupler. That is, When light returned from the single ?ber 
12 enters the optical coupler 24, the optical coupler 24 
directs 50% of the returned light back to the pulsed laser 20, 
and the other 50% to a second optical optical coupler 26. In 
a particularly preferred embodiment, the optical coupler 24 
is a tWo-by-tWo balanced optical coupler available from 
M.P. Fiber Optics as part number SA 15500202ABONE. 

The optical coupler 26 may comprise a tWo-by-tWo opti 
cal coupler Which splits the light from the optical coupler 24 
again so that 50% goes along path P1 through a delay coil 
28 to a third optical coupler 30, and the other 50% goes 
along path P2 directly, Without delay, to the optical coupler 
30. In a preferred embodiment, the optical coupler 26 is a 
tWo-by-tWo balanced optical coupler available from M.P. 
Fiber Optics as part number SA 15500202ABONE. 

The optical coupler 30 may comprise a three-by-three 
optical coupler. The paths P1 and P2 function as the tWo 
arms of a compensating interferometer, preferably a Mach 
Zehnder interferometer, to provide interference signals to 
photo diodes 32. In a particularly preferred embodiment, the 
optical coupler 30 is a three-by-three balanced optical cou 
pler available from M.P. Fiber Optics as part number SA 
15000303BONE. 
To eXtract data from the interference patterns, the three 

by-three optical coupler 30 not only divides the received 
light in thirds, but it also creates a phase difference of about 
120 degrees betWeen the light pulses at each of its outputs. 
These optical signals are then supplied to photo detectors 34, 
Which generate electrical signals A, B, and C. In a preferred 
embodiment, the photo detectors 34 comprise pin diodes 
available from PD LD Inc. as part number PID-DIN-075 
TL7-1FA. In this manner, the optical coupler 30 permits 
demodulation of the interference signals by a direct homo 
dyne method. 

The degree of interference among the light pulses at the 
three-by-three optical coupler 30 is the result of the path 
length change betWeen M1 and M2 as a result of pressure, 
acceleration, and temperature. The resulting phase informa 
tion detected by the photo detectors 34 is then processed by 
the processor 36 using a T-transform technique. The pro 
cessor 36 adds the signal B to one-half of the signal A, and 
adds the signal B to the signal C, to get rectangular coor 
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dinates of the time versus value ?eld. The processor 36 then 
converts the result from rectangular to polar coordinates, 
using the coordinate transformer chip TMC 2330A, avail 
able from the semiconductor division of Raytheon Electron 
ics of San Diego, California. The resulting signal 38, 
unWrapped, represents seismic energy. In a preferred 
embodiment, the signal processor 36 comprises a DSP 
Sharc processor available from Analog Devices as part 
number AD8P21062. 

In operation, on command, the pulsed laser 20 sends a ?rst 
pulse of light having a pulse Width W into the optical coupler 
24 and on through the ?ber 12 to the ?rst one of the mirrors 
14, ie M1, Where a small fraction, about 0.5%, is re?ected 
back to the optical coupler 24, While the remaining pulsed 
energy moves on through the ?rst hydrophone, ie the 
portion of the ?ber 12 betWeen M1 and M2 With the input 
pulse Width W less than tWice the travel time betWeen M1 
and M2, light Will travel from M1 to M2 and back to M1, 
Without any phase or frequency modulation of the pulse. 
When the ?rst pulse of light arrives at M3, the re?ected light 
from M2 Will have traveled 12.5 meters toWards the optical 
coupler 24. Thus, When M3 re?ects its 0.5% of the pulse, the 
?rst pulse Will have traveled 25 meters. The difference in 
length traveled by the ?rst pulse through the ?rst 
hydrophone, bounded by M1, and M2 and second 
hydrophone, bounded by M2 and M3, Will be 12.5 meters. 
The ?rst pulse of light Will continue on doWn the ?ber 12, 

creating re?ections at all the remaining intrinsic ?ber mir 
rors 14. Because the distances betWeen the intrinsic ?ber 
mirrors 14 are all equal, the time betWeen all of the re?ected 
pulses Will be equal, thus providing a time division multi 
pleXed serial array of sensors. 

When the re?ected pulses reach the optical coupler 24, 
?fty percent of the re?ected light Will travel toWards the 
pulsed laser 20, Where the light Will be absorbed in an optical 
isolator (not shoWn), Which is part of the pulsed laser 20. The 
other ?fty percent of the re?ected light Will travel to the 
optical coupler 26, Where it Will split betWeen paths P1 and 
P2. The returning re?ected pulsed light in the path P1 passes 
through the delay coil 28. The delay coil 28 causes a delay 
equal in length to the tWo-Way travel time of the distance 
betWeen the intrinsic ?ber mirrors 14. In a preferred 
embodiment, the delay coil 28 comprises a coiled section of 
SMF28 ?ber available from the Corning Corporation. 
As a consequence of the delay coil 28, the re?ected light 

pulse from M1 on path P2 Will be delayed to arrive at the 
optical coupler 30 at the same time as the re?ected light 
pulse from M2 on path P2. As illustrated in FIG. 1A, the 
pulse at 102 and the pulse at 104 Will produce the interfering 
pulses at 106. With the delay path, the re?ected pulses Will 
interfere, as illustrated in FIG. 1A. Because the input light 
pulses from the pulsed laser 20 are coherent, the interference 
patterns Will indicate the acoustic pressure, temperature, and 
acceleration effects of the light traveling through a sensor as 
amplitude differences. 

In an alternative embodiment, as illustrated in FIG. 4, 
each hydrophone sensor of the sensor system 10 includes a 
tWo-by-tWo, ratio optical coupler 310, spliced Within the 
long, single mode, continuous ?ber 312. The ratio optical 
coupler 310 sends a small portion of the light pulse, e.g. 
0.5%, to a trailing tail 314 of the optical coupler 310. Totally 
re?ective mirrors 316 are embedded in each of the trailing 
tails 314, by any conventional process for Writing such 
mirrors into optical ?bers. In operation, a light pulse travels 
through the ?rst optical coupler-bound hydrophone 318 
Where a portion determined by the selected ratio for the 
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optical coupler 310, eg 0.5%, is directed via the optical 
coupler 310 to the ?rst one of the mirrors 316, and the 
remaining portion, e.g. 99.5%, travels on to the neXt 
hydrophone, and so on, through the Nth hydrophone. Each 
of the re?ected portions of the pulses travel back to the 
optical coupler 24 and on to a compensating interferometer 
(not shoWn) similar to the interferometer shoWn in FIG. 1, 
Where the return signals from each hydrophone N interfere 
With the signals returned from the neXt hydrophone N+1 in 
the linear array, as illustrated in FIG. 3A. Using ratio optical 
couplers With embedded mirrors may reduce cross talk 
betWeen signals from successive hydrophones, compared to 
mirrors Written directly into a single continuous ?ber. 

In a preferred embodiment, a method for optimiZing the 
signal levels returned to the data processor 36, With either 
the single continuous ?ber embodiment of FIG. 1 or the ratio 
optical coupler embodiment of FIG. 4, is employed Which 
varies the percent of signal returned from each sensor 
compared to the signal that travels on doWn the ?ber, so that 
mirrors closest to the pulsed laser 20, ie close to the dry end 
of the streamer, return the loWest percent of signal, and those 
farthest from the pulsed laser 20 have the highest percent of 
return. OptimiZation of mirror re?ectances for the single 
continuous ?ber embodiment, and of optical coupler ratios 
for the ratio optical coupler embodiment, making the best 
use of the optical poWer available from the light source, 
requires tapering the re?ectances or ratios from loW values 
near the dry end to high values near the Wet end, so that the 
received signal level is the same from all hydrophones. 

In optimiZing the mirror re?ectance R]- for the j’th hydro 
phone (J =1 for hydrophone closest to dry end, j=N for 
hydrophone closest to Wet end), We de?ne three loss factors 
associated With the sensing ?ber: F is the ?ber length 
attenuation loss factor, X is the mirror eXcess loss factor, and 
M]- is the loss factor for the j’th hydrophone due to mirror 
re?ectance. These are given by 

With 01 representing the ?ber loss in db/km and D represent 
ing the center-to center spacing of hydrophones, in km; 

X=1OT_B10> 

With [3 the eXcess loss per mirror in dB, and 

Mj=1—Rj 

For eXample, if ot=0.4 db/km, corresponding to a loW-loss 
?ber at 1.3 pm Wavelength, and D=0.125 km, then 
F=0.9886. If [3=0.03 db, then X=0.9931. If Rj=0.001 (0.1%), 
then Mj=0.9990. 

Considering that, betWeen the light source and the 
receiver, the light from the j’th sensor passes though all the 
doWnstream sensors and the connecting ?ber tWice, the 
re?ectance of the mirrors in the j-1th sensor Which gives the 
same signal levels from the tWo sensors at the optical 
receiver is 

Asummary of eXemplary calculated results is given in the 
Table beloW. The calculations assume that the maXimum 
mirror re?ectance RN=2%=0.02, and that the eXcess mirror 
loss X=0.03 dB. The loss factors of 0.4 db/km and 0.25 
db/km correspond to minimum ?ber losses at 1.3 pm and 
1.55 pm, respectively. In the Table, R1 is the eXcess loss of 
the mirror closest to the dry end. The eXcess system loss 
XSL, given (in db) by 
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is an important parameter in the analysis. XSL indicates 
What portion of the light from the laser is actually utiliZed at 
the receiver. It takes into account all the loss factors intro 
duced above: ?ber length attenuation, mirror eXcess loss, 
and eXcess loss due to mirror re?ectance. 
Exemplary results of mirror re?ectance optimiZation are 

illustrated beloW: 

Input Parameters Output Parameters 

N or (db/km) R1 XSL(dB) 

48 0.4 .0041 8.61 
48 .25 .0042 6.79 
96 .04 .00157 14.56 
96 .025 .00163 10.89 

As discussed above, the single ?ber embodiments of 
FIGS. 1 and 4 provide a long gauge, continuous marine 
hydrophone streamer, including a plurality of hydrophones 
in one ?ber. Alternate embodiments Which provide a better 
sampling rate than the embodiment of FIG. 1 are shoWn in 
FIGS. 2 and 3. 

Referring to FIG. 2, a hydrophone streamer 60 includes a 
plurality of ?bers 62 coupled to a single pulsed laser 64 by 
Way of a tWo-by-N optical coupler 66, Where N is the 
number of hydrophones in the hydrophone streamer 60. In 
a preferred embodiment, the ?bers 62 comprise SMF 28 
?bers available from the Corning Corporation. In a preferred 
embodiment, the tWo-by-N optical coupler 66 comprises a 
balanced tWo-by-N optical coupler available from M.P. 
Fiber Optic as part number SA1500NONABONE. 

Each of the hydrophones is de?ned by a pair of spaced 
internal mirrors MN and MN+1, Which can be Written into the 
?bers as discussed above. The embodiment of FIG. 2 Will 
provide interference patterns as shoWn in FIG. 2A, compa 
rable to the interference patterns provided by the single ?ber 
embodiment of FIG. 1. 

Another method for improving the sampling rate is shoWn 
in FIG. 3, Where varying lengths of an optical ?ber 72 are 
interconnected by Way of an optical coupler 74 to place 
groups of sensors, such as group 78, in overlying parallel 
relationship. In this manner, the number of sensors for a 
given length of ?ber can be doubled by locating the mirrors 
in one group a distance D/2 from one another, Where D is the 
distance betWeen adjacent mirrors, as shoWn in FIG. 3A. 

In a preferred embodiment, the optical ?ber 72 comprises 
SMF28 available from the Corning Corporation. In a pre 
ferred embodiment, the optical coupler 74 comprises a 
tWo-by-tWo balanced optical coupler available from M.P. 
Fiber Optics. 

Referring noW to FIG. 5, in a preferred embodiment, a 
reference system 140 is provided in the same package With 
the system 10. The system 140 includes a continuous 
single-mode reference ?ber 142, identical to the ?ber 12, 
and packaged alongside the ?ber 12. The system 140 
includes identical integral mirrors M1‘ through Mn‘, and 
identical optical couplers 124, 126, and 132. The ?ber 142 
is desensitiZed to acoustic pressure by encasing it in a 
non-resilient jacket. The reference ?ber 142, being eXactly 
parallel to the ?ber 12, is subjected to the same acceleration 
and temperature effects as the ?ber 12. The pulsed laser 20 
supplies input signals to a ?ber 122, input signals identical 
to those provided to the ?ber 12, thereby providing output 
signals (not shoWn) Which can be subtracted from the output 
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signals A, B, and C, to provide acoustic pressure data 
Without acceleration and temperature effects. The reference 
?ber 142 can be desensitized from pressure by any conven 
tional technique such as a metallic coating, or by modi?ca 
tion of the glass ?ber, to have a core With loW bulk modulus 
and a clad With high bulk modulus. In the preferred 
embodiment, the reference ?ber 142 is desensitiZed by 
enclosing it in a stainless steel tube 143 made by Laser 
Armortec of Los Angeles, Calif. 

Referring noW to FIG. 5A, an alternate embodiment of the 
reference system 140 again includes a continuous single 
mode reference ?ber 142, identical to the ?ber 12, and 
packaged alongside the ?ber 12. The reference ?ber 142 is 
desensitiZed to acoustic pressure, but not desensitiZed to 
temperature, vibration, and acceleration. The reference ?ber 
142, being exactly parallel to the ?ber 12, is subjected to the 
same temperature, vibration, and acceleration effects as the 
?ber 12. The pulsed laser 20 and another pulsed laser 21 
supply input signals, L1 and L2, respectively, to a single 
mode ?ber 148 through a Wave division multiplexer 
(“WDM”) coupler 147. In a preferred embodiment, the 
WDM coupler 147 comprises a DWF1200015110 coupler 
available from E-Tek. 

The single-mode ?ber 148 is interconnected to a 2x2 
WDM coupler 149 Where the signal L1 is optically coupled 
to the reference ?ber 142, and the signal L2 is optically 
coupled to the ?ber 12. In a preferred embodiment, the 
WDM coupler 149 comprises a DWF1200015110 coupler 
available from E-Tek. 

The pulsed light L1 Will re?ect off each mirror M0 to Mn 
and return to the 2x2 WDM coupler 149. The pulsed light L2 
Will re?ect off each mirror M0 to Mn and return to the 2x2 
WDM coupler 149. At the 2x2 WDM coupler 149 the tWo 
light signals L1 and L2 Will combine, and 50% of the light 
Will travel to the pulsed lasers 20 and 21, and the other 50% 
of the light Will travel to a compensating interferometer 130. 
The tWo signals L1 and L2 Will traverse a delayed path 135 
and an undelayed path 136 to a 3x3 optical coupler 132. In 
a preferred embodiment, the optical coupler 132 comprises 
a 3x3 balanced optical coupler available from M.P. Fiber 
Optics. 

In the 3x3 coupler 132, the delayed pulse of each signal 
(Wavelength) Will interfere independently With the unde 
layed pulse of its same Wavelength. The tWo interference 
patterns, produced by the tWo Wavelengths, Will electrically 
subtract in the photo diodes 150, 151, and 152. In a preferred 
embodiment, the photo diodes 150, 151 and 152 comprise 
pin diodes available from PD-LD Corporation. 

Thus the common mode effects in the reference ?ber 142 
and the sensor ?ber 12 Will cancel. In addition, the undesired 
effects of temperature, vibration, and acoustics produced in 
the compensating interferometer Will also be common mode 
and subtract. 
A method for calibrating hydrophone sensor sensitivity, 

and measuring cable depth, is shoWn in FIG. 6. In this 
embodiment, a calibration portion 170 is included in the 
?ber 12. The calibration portion 170 spans three mirror 
bounded sections of the ?ber 12, namely, sections 172, 174, 
and 176. The ?rst section 172 includes a ?ber stretcher such 
as, for example, a PZT stretcher 178 having an electrical 
input lead 180 for coupling to an oscillator (not shoWn) to 
provide electrical signals to the PZT stretcher 178. In a 
preferred embodiment, the stretcher 178 comprises a pieZo 
ceramic stretcher available from Optiphase Corporation as 
part number PZ1-15501-100-0. 

The next section 174 of the calibration portion 170 is 
pressure sensitive, and is set for pi radians With 100 pounds 

10 

15 

25 

35 

45 

55 

65 

10 
per square inch sensitivity. The third section 176 is desen 
sitiZed in any conventional manner as mentioned above. In 
this Way, When an electrical signal is fed to one end of the 
PZT stretcher 178, and the output from the other end is 
detected, the output provides the factor representing the AC 
sensitivity of the ?ber hydrophones With the effects of 
temperature and pressure removed. The ?ber stretcher can 
be obtained from Optiphase, Inc. of Van Nuys, Calif., as 
model number PZ1-15501-100-0. In addition, the calibra 
tion method permits the cable depth to be calculated from 
the pressure on the section 174 With effects of temperature 
removed by the section 176. 
As Will be appreciated by persons of ordinary skill in the 

art having the bene?t of the present disclosure, Bragg 
gratings With a Wavelength of 110% of nominal (eg 1535 
to 1565 nm) can be used in place of loW re?ectance mirrors. 
Furthermore, the use of Bragg gratings also alloWs the use 
of multi-Wavelength lasers pulsing into the ?ber 12 at 
sequential times to permit Wave division multiplexing in 
addition to time division multiplexing. Finally, the use of a 
mix of Bragg gratings and loW re?ectivity mirrors simpli?es 
the implementation. 
A marine seismic streamer has been described having a 

continuous, linear set of hydrophone sensors formed from a 
single continuous optical ?ber having internal mirrors. The 
single ?ber functions both as an input ?ber and a return ?ber. 
The internal mirrors de?ne the boundaries of the linear, 
serial array of acoustic sensors. The optical sensor system 
includes a single mode optical ?ber having partially re?ec 
tive mirrors Written into the ?ber at predetermined intervals, 
such that each pair of mirrors de?nes the boundaries of a 
single sensor. Acoustic sensitivity is enhanced by enclosing 
the sensors in a plastic jacket. A pulsed laser of ?xed 
frequency provides optical energy having a pulse Width 
equal to or less than tWice the time of travel of optical energy 
betWeen the predetermined mirror intervals, and a repetition 
rate less than the reciprocal of tWice the travel time betWeen 
the ?rst and the last mirror in the linear array of sensors. 
Light re?ected back from each partially re?ective internal 
mirror through the same one ?ber is split at the same end as 
the laser input by an optical coupler to pass through tWo 
arms of a compensating interferometer, to provide interfer 
ence patterns for interrogation and conversion to electrical 
data signals. The compensating interferometer includes a 
time delay for one arm equal to tWice the time of travel 
betWeen adjacent mirrors. 
An optical sensor system has also been described that 

utiliZes a 3x3 optical coupler that demodulates the interfer 
ence signals by a direct homodyne method. In this manner, 
the crossfeed is of an optical nature, and none of the acoustic 
signal is crossfed. Therefore, the crossfeed appears only as 
noise in the demodulation, and the re?ector ratio need only 
be loW enough to alloW for adequate dynamic range. The 
modulation Will at peak acoustic amplitudes cause multi 
thousand fringe changes in the interference pattern, and thus 
to achieve dynamic ranges of over 100 dB does not require 
measuring less than milli-pi radians of phase change. At this 
level the crossfeed could be as high as —40dB. 
An optical sensor system has also been described in Which 

each sensor in the array can act as a reference for the 
immediately preceding sensor. 
An optical sensor system has also been described in Which 

the optical sensor system can be modi?ed to include a 
second continuous optical ?ber, desensitiZed to the acoustic 
pressure changes, that can be provided in the same streamer 
casing With the ?ber containing the sensitiZed, mirror 
bounded sensors. The desensitiZed ?ber includes identically 
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spaced internal mirrors, and its feed light is from the same 
pulsed laser as the sensitized ?ber. The desensitized ?ber is 
optically coupled to the sensitiZed ?ber at the input end of 
each. 
An optical sensor system has also been described that uses 

calibration techniques such as pieZoelectric stretchers at 
various checkpoints along the streamer. 
An optical sensor system has also been described that 

increases the sampling rate from a group of linear sensor 
arrays, and decreases the number of sensors per ?ber, by 
using several ?bers, each ?ber including a predetermined 
number of internal mirrors, at predetermined intervals, With 
each successive ?ber having no mirrors until the predeter 
mined interval past the last mirror in its immediately adja 
cent ?ber, With all ?bers being fed by the same pulsed laser. 
An optical sensor system has also been described in Which 

the mirrors in successive adjacent ?bers are spaced half as 
far apart as in the single ?ber embodiment, With each 
successive ?ber connected to its preceding ?ber adjacent to 
the ?rst mirror of the successive ?ber. 
Apulsed laser has also been described that includes a ring 

laser and an optical sWitch having a single polariZation input 
port, a polariZation scrambler and a single polariZation 
output port. The resulting pulsed laser provides a pulsed 
light With high extinction ratios, loW loss, and the ability to 
operate over a broad range of Wavelengths. 
As Will be recogniZed by persons of ordinary skill in the 

art having the bene?t of the present disclosure, multiple 
variations and modi?cations can be made in the embodi 
ments of the invention. Although certain illustrative embodi 
ments of the invention have been shoWn and described, a 
Wide range of modi?cations, changes, and substitutions is 
contemplated in the foregoing disclosure. In some instances, 
some features of the present invention may be employed 
Without a corresponding use of the other features. 
Accordingly, it is appropriate that the foregoing description 
be construed broadly and understood as being given by Way 
of illustration and eXample only, the spirit and scope of the 
invention being limited only by the appended claims. 
What is Claimed Is: 
1. An optical sensor system for seismic exploration com 

prising: 
at least one single mode optical ?ber, mounted Within a 

linear casing, the ?ber having an input end and an 
opposite terminal end; 

a plurality of partially re?ective intrinsic ?ber mirrors 
incorporated into the ?ber at predetermined, spaced 
intervals Within the ?ber, each pair of adjacent mirrors 
de?ning a long gauge, linear, acoustic sensor; 

a ?rst optical coupler coupled to the input end of the ?ber, 
the optical coupler having a ?rst and a second output 
port; 

a pulsed laser optically coupled to the ?rst output port of 
the optical coupler Wherein the laser is adapted to 
provide an optical pulse Width equal to or less than 
tWice the one Way time of travel of optical energy 
betWeen the predetermined mirror intervals; a compen 
sating interferometer optically coupled to the second 
output port of the ?rst optical coupler for receiving 
optical energy re?ected from the internal mirrors, the 
interferometer including a ?rst path and a second path 
Wherein the second path includes a time delay to the 
tWo Way time of travel of optical energy betWeen the 
predetermined mirror intervals; and 

a calibration system for calibrating the sensor system to 
substantially remove the effects of temperature and 
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acceleration on the optical signal being received by the 
interferometer, the calibration system including a 
pieZoelectric stretcher incorporated in the ?ber, the 
stretcher having an input terminal for connection to a 
signal generator and an output terminal for connection 
to a signal receiver. 

2. The system of claim 1 Wherein the compensating 
interferometer is an unbalanced Mach-Zehnder interferom 
eter. 

3. The system of claim 1 further comprising a second 
optical coupler coupled to the compensating interferometer, 
the second optical coupler being a three by three optical 
coupler having, and further comprising a photo detector 
coupled to each of the output terminals of the three by three 
optical coupler and a signal processor coupled to each of the 
photo detectors for converting the optically interfering sig 
nals to digital data. 

4. The system of claim 1 Wherein the at least tWo mirrors 
is a plurality of mirrors N and the sensor is a plurality of 
sensors N-l. 

5. The system of claim 1 Wherein the compensating 
interferometer is a three-by-three homodyne interferometer. 

6. The system of claim 1 Wherein the predetermined 
mirror intervals are each greater than or equal to about 12.5 
meters. 

7. The system of claim 1, Wherein the intrinsic mirrors are 
Bragg gratings. 

8. The system of claim 1, Wherein the intrinsic mirrors 
have a re?ectivity that minimiZes multiple internal re?ec 
tions betWeen adjacent mirrors. 

9. The system of claim 8 Wherein the mirrors have a 
re?ectivity less than about 0.5%. 

10. The system of claim I/Wherein the single mode optical 
?ber is a ?rst ?ber and the calibration system includes a 
second single mode optical ?ber, mounted Within the linear 
casing, the second ?ber having an input end, an opposite 
terminal end, and a plurality of re?ective internal mirrors at 
the same predetermined, spaced intervals Within the second 
?ber as the mirrors Within the ?rst ?ber, each pair of mirrors 
Within the second ?ber being identical With those in the ?rst 
?ber, Wherein each pair of mirrors in the ?rst ?ber de?nes an 
acoustic sensor and the second ?ber further comprises a 
shield of acoustically insulating material. 

11. The system of claim 1, Wherein the system includes a 
plurality of the single mode optical ?bers. 

12. The system of claim 11, Wherein the single mode 
?bers are positioned in a parallel and overlapping relation to 
one another. 

13. The system of claim 11, Wherein the single mode 
optical ?bers are of different lengths. 

14. The system of claim 11, Wherein the single mode 
?bers are positioned in groups of tWo. 

15. The system of claim 14, Wherein the single mode 
?bers Within the groups of tWo are positioned in parallel 
relation to one another. 

16. The system of claim 14, Wherein the partially re?ec 
tive mirrors incorporated into the ?bers of the groups of tWo 
are offset from one another. 

17. An optical sensor system for seismic exploration 
comprising: 

at least one single mode optical ?ber, mounted Within a 
linear, pressure sensitive casing, to form a continuous, 
linear acoustic sensor, the ?ber including an input end 
and an opposite terminal end and at least tWo, spaced 
apart, tWo-by-tWo, ratio optical couplers betWeen the 
?ber’s input end and the ?ber’s terminal end, each ratio 
coupler having an input ?ber having a non-re?ective 
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terminal end and an output ?ber having an intrinsic 
?ber re?ective terminal end; 

a ?rst additional optical coupler coupled to the input end 
of the single mode ?ber, the optical coupler having ?rst 
and a second output port; 

a pulsed laser optically coupled to the ?rst output port of 
the additional optical coupler Wherein the laser is 
adapted to provide an optical pulse Width equal to or 
less than tWice the time of travel of optical energy 
betWeen the intervals betWeen re?ective terminal ends 
of the ratio optical couplers; and 

a compensating interferometer optically coupled to the 
second output port of the ?rst additional optical coupler 
for receiving optical energy re?ected from the re?ec 
tive terminal ends of the ratio optical couplers, the 
interferometer including a ?rst path and a second path 
Wherein the second path includes a time delay equal to 
the tWo Way time of travel of optical energy betWeen 
the re?ective terminal ends of the at least tWo ratio 
optical couplers; and a calibration system for calibrat 
ing the sensor system to remove the effects of tempera 
ture on the optical signal being received by the 
interferometer, Wherein the calibration system includes 
a pieZoelectric stretcher incorporated in the cable, the 
stretcher having an input lead for connection to a signal 
generator and an output end for connection to a signal 
receiver. 

18. The system of claim 17 Wherein the compensating 
interferometer is an unbalanced Mach-Zehnder interferom 
eter. 

19. The system of claim 17 further comprising a second 
optical coupler coupled to the compensating interferometer 
second optical coupler being a three-by-three optical 
coupler, the system further comprising a photo detector 
coupled to each of the output terminals of the three-by-three 
optical coupler and a signal processor coupled to each of the 
photo detectors for converting the optically interfering sig 
nals to digital data. 

20. The system of claim 17 Wherein the at least tWo ratio 
optical couplers is a plurality of ratio optical couplers N, 
Wherein each pair of adjacent ratio optical couplers de?nes 
a discrete acoustic sensor such that the sensor system 
includes N-1 acoustic sensors. 
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21. The system of claim 17 Wherein the compensating 

interferometer is a three-by-three homodyne interferometer. 
22. The system of claim 17 Wherein the spacing betWeen 

the ratio optical couplers is greater than or equal to about 
12.5 meters. 

23. The system of claim 17 Wherein the re?ectivity of the 
re?ective terminal ends of the ratio optical couplers is nearly 
100 percent. 

24. The system of claim 17, Wherein the single mode 
optical ?ber is a ?rst optical ?ber, the pulsed laser is a ?rst 
pulsed laser, and the at least tWo spaced apart tWo-by tWo 
ratio optical couplers is a plurality of tWo-by-tWo optical 
couplers comprising a ?rst set of tWo-by-tWo ratio optical 
couplers and Wherein the calibration system includes a 
second single mode optical ?ber, mounted Within the linear 
casing, the second ?ber having an input end and an opposite 
terminal end, the second ?ber further including a second set 
of tWo-by-tWo ratio optical couplers of the same con?gura 
tion and spacing as the ratio optical couplers in the ?rst set, 
the calibration system further including a second pulsed 
laser and a second additional optical coupler, the second 
pulsed laser being optically coupled to the ?rst output port 
of the second additional optical coupler Wherein the second 
laser is adapted to provide an optical pulse Width equal to or 
less than tWice the time of travel of optical energy betWeen 
the intervals betWeen re?ective terminal ends of the second 
set of ratio optical couplers. 

25. The system of claim 17, Wherein the system includes 
a plurality of the single mode optical ?bers. 

26. The system of claim 25, Wherein the single mode 
?bers are positioned in a parallel and overlapping relation to 
one another. 

27. The system of claim 25, Wherein the single mode 
optical ?bers are of different lengths. 

28. The system of claim 25, Wherein the single mode 
?bers are positioned in groups of tWo. 

29. The system of claim 28, Wherein the single mode 
?bers Within the groups of tWo are positioned in parallel 
relation to one another. 

30. The system of claim 28, Wherein the tWo-by-tWo ratio 
optical couplers incorporated into the ?bers of the groups of 
tWo are offset from one another. 


